Riboswitches are mRNA-based molecules capable of controlling the expression of genes. They undergo conformational changes upon ligand binding, and as a result, they inhibit or promote the expression of the associated gene. The close connection between structural rearrangement and function makes a detailed knowledge of the molecular interactions an important step to understand the riboswitch mechanism and efficiency. We have performed all-atom molecular dynamics simulations of the adenine-sensing add A-riboswitch to study the breaking of the kissing loop, one key tertiary element in the aptamer structure. We investigated the aptamer domain of the add A-riboswitch in complex with its cognate ligand and in the absence of the ligand. The opening of the hairpins was simulated using umbrella sampling using the distance between two loops as the reaction coordinate. A two-step process was observed in all the simulated systems. First, a general loss of stacking and hydrogen bond interactions is seen. The last interactions that break are the two base pairs G37-C61 and G38-C60, but the break does not affect the energy profile, indicating their pivotal role in the tertiary structure formation but not in the structure stabilization. The junction area is partially organized before the kissing loop formation and residue A24 anchors together the loop helices. Moreover, when the distance between the loops is increased, one of the hairpins showed more flexibility by changing its orientation in the structure, while the other conserved its coaxial arrangement with the rest of the structure.
INTRODUCTION
Riboswitches represent a class of RNA molecules that are capable of controlling gene expression by sensing and binding small molecules (Nudler and Mironov 2004; Dann et al. 2007; Edwards et al. 2007) . Riboswitches have been found mainly in 5 ′ untranslated regions of bacterial mRNA but have also been observed in 5 ′ and 3 ′ untranslated regions and introns of mRNA of plants and fungi (Mandal et al. 2003; Winkler and Breaker 2005; Thore et al. 2006) . While it was, until recently, believed that only proteins were capable of controlling genetic expression in cells, riboswitches are now thought to be reminiscent of an era before the evolution of amino acids and proteins (Barrick and Breaker 2007; Breaker 2008) . Riboswitches exert their regulatory control in a cis-fashion by binding a small metabolite ligand that results in a structural change which, in turn, modulates the expression of the remaining mRNA strand . A typical riboswitch contains two functional domains, an evolutionally conserved sensing or aptamer domain and a nonconserved expression platform.
The appropriate ligand is recognized by the aptamer domain which then folds into a three-dimensional structure, trapping the ligand molecule in a binding pocket. The second domain, the expression platform, contains a secondary structural switch that interfaces with the transcriptional or translational machinery. The regulation is achieved by an overlapping region between these two domains, the switching sequence. The secondary structure of this sequence, which depends on the presence or absence of the ligand, directs the folding of the rest of the expression platform into two mutually exclusive forms that represent the on and off states of the mRNA (Garst et al. 2011; Batey 2012; Serganov and Patel 2012) . The active role that riboswitches play in regulating bacterial transcription makes them enticing targets for development of novel antibiotics, and several drug-like small molecules have been found to bind to riboswitches and slow cell growth (Sudarsan et al. 2005; Blount et al. 2007 ; Lee et al. 2009 ).
Riboswitches must be able to discriminate between closely related metabolic ligands with high selectivity to elicit the appropriate regulatory response. They have been found to be involved in sensing the intracellular concentrations of a wide range of small metabolites such as adenine, guanine, thiamine pyrophosphate, S-adenosylmethionine, S-adenosylhomocysteine, glucosamine-6-phosphate, glycine, lysine, Mg 2+ , and coenzyme B 12 (Edwards et al. 2007; Serganov and Patel 2012) .
The aptamer domains of purine riboswitches are structurally very similar, and their sequences are highly conserved, with differences associated with the ligand recognition residues (U for adenine ligand and C for guanine) in the binding site (Serganov et al. 2004; Gilbert et al. 2009 ) and some base pairs in the stems (Lemay and Lafontaine 2007; Mulhbacher and Lafontaine 2007) . The structure of purine aptamer domains has been determined by X-ray crystallography (Batey et al. 2004; Serganov et al. 2004 ) and widely studied by NMR spectroscopy (Noeske et al. 2005 Buck et al. 2007; Ottink et al. 2007 ). It contains three conserved helical elements (P1, P2, and P3) that are present in all purine riboswitch sequences identified up until now. The tertiary structure of these three helices can, very simply, be described by two main principles. The P2 and P3 stems are stacked on top of P1 in a coaxial manner and are joined by a junction region, and secondly, the P2 and P3 hairpins are joined by kissing loop interactions between L2 and L3 ( Fig. 1) . The add A-riboswitch is a purine riboswitch, sensing adenine, whose structure was solved with X-ray crystallography by Serganov et al. (2004) . It affects the gene expression of the add gene, encoding for adenine deaminase, via the activation of mRNA translation. In the presence of adenine, the fold of the aptamer domain is stabilized and the Shine-Dalgarno (GAA) sequence becomes exposed for interaction with ribosomal RNA and tRNA, leading to the initiation of translation. In the add Ariboswitch, the adenine ligand forms a Watson-Crick base pair with U74 (a specificity-determining residue) in the binding pocket. Near the binding site are also two chelated Mg 2+ ions bound to the phosphates of A23 and A24.
The close relationship between structure and function in riboswitches makes a detailed knowledge of the mechanisms and energy landscape associated with folding imperative for the understanding of riboswitch function and efficiency. While X-ray crystal structures provide detailed information about the three-dimensional structure, they lend no insight into how these structures are formed. Several other techniques have, however, been employed to study the folding of riboswitches (for an overview, see reviews in Batey 2012; Serganov and Patel 2012). Lemay et al. used the fluorescence resonance energy transfer (FRET) technique to study the folding of the pbuE adenine riboswitch, and they reported the formation of the loop-loop interactions in the absence of adenine and an enhancement of loop-loop interactions after adenine binding (Lemay et al. 2006 ). Lemay et al. used the P1-P3 vector in their analysis, Brenner et al. recently proposed a folding model for the xpt G-riboswitch, based on three FRET pairs among the P1, P2, and P3 helices (Brenner et al. 2010) . They identified at least three conformational states for the helices and an increase of the P1-P3 distance upon folding. Time-resolved fluorescence was used to investigate the binding pocket heterogeneity (Eskandari et al. 2007; Jain et al. 2010) . Using fluorescence spectroscopy on five variants of the full-length add riboswitch (obtained by substituting residues in key positions with the fluorescent analog, 2-aminopurine), Rieder et al. (2007) reported that the add sequence allows a large portion of the aptamer to form (stems P2 and P3, loops L2/L3), even if the repressor stem is fully extended, assisting the zippering of stem P1 and ligand recognition. In 2008, Greenleaf et al. reported a study using single-molecule force measurements that investigated the folding pathway of the pbuE adenine riboswitch (Greenleaf et al. 2008) . Several intermediate states were observed during the unfolding of the riboswitch, both in the absence and presence of the adenine ligand. Application of force to the folded riboswitch leads to the initial disruption of the P1 stem followed by the loss of tertiary contacts between L2 and L3, after which the stems P3 and P2 sequentially lose basepairing to yield the completely unfolded structure. Neupane et al. (2011) reported the folding of the add A-riboswitch with single molecule spectroscopy. The observed folding landscape highlighted that P3 folded at a higher force than P2 in the add A-riboswitch (different from what Greenleaf et al. previously observed for pbuE aptamer). This was already predicted by a Langevin dynamics study of the add A-riboswitch (Lin and Thirumalai 2008) , and it may be due to the different stability of the helices P2 and P3 in the two aptamers. The authors observed also that P1 in the add aptamer is similar in stability to P2 and P3 even in the absence of the cognate ligand, adenine. In real-time NMR studies, Lee et al. also investigated the folding of the full-length add adenine sensing riboswitch and reported the formation of the P1 stem at the early steps of the folding process (Lee et al. 2010) . In this study, the breaking of the interaction between the loops, L2 and L3, in the aptamer domain of the add A-riboswitch is investigated at the atomistic level using molecular dynamics (MD) simulations. The add aptamer is simulated in complex with and in the absence of its cognate ligand, adenine. The simulations in the absence of the cognate ligand allow us to identify which interactions are stabilized by the presence of the ligand. MD simulations together with a classical force field have previously been successfully used to investigate the structure of the purine-aptamer in the presence and absence of the cognate ligands (Sharma et al. 2009; Villa et al. 2009; Priyakumar and MacKerell 2010) . Here, we apply umbrella sampling techniques to induce the breaking of the tertiary interaction between the L2 and L3 loops. The obtained free energy profiles have been analyzed together with the opening mechanism of the kissing loops from a global and local point of view. Finally, we propose a hypothesis for the binding mechanism, which is based on a combination of simulation results and published experimental results.
RESULTS

Add A-riboswitch aptamer bound to the cognate ligand
The aptamer domain of the add A-riboswitch bound to the cognate ligand adenine has been simulated in magnesium/ water solution. During the simulations, all secondary and tertiary structure elements observed in the experimental structure (Serganov et al. 2004 ) have been conserved (Fig. 1) . Residues in stem P1, P2, and P3 are base-paired, according to the secondary structure representation in Figure 1A . The kissing loops L2 and L3 form a tertiary interaction, characterized by two base tetrads (U34•A65•C61-G37 and A33•A66• C60-G38) and one noncanonical base pair (A64•A35) that create an intricate hydrogen bond network between the loops (Fig. 1C) . The tertiary interaction in the junction area (J1-2, J2-3, and J3-1 in red in Fig. 1 ) is also conserved with two triplets (A23•G46-C53 and water-mediated A73•A52-U22), located above the binding site, and two triplets (C50•U75-A21 and U49•A76-U20), located below the binding site. The adenine is locked by residue U51 and U74 and forms a triplet (U51•adenine-U74) that stacks with triplets A73•A52-U22 and C50•U75-A21 ( Fig. 2A) .
The breaking of the tertiary interaction between L2 and L3 of the add-A riboswitch aptamer has been simulated by applying an extra potential along a reaction coordinate defined as the distance between the centers-of-mass of the backbone atoms of the two kissing loops (residues 32-38 for L2 and 60-66 for L3). Sampling along the reaction coordinate was performed every 0.5 Å starting from 12.5 Å up to 34 Å. The average P2-P3 distance in the equilibrium simulation is 13.0 Å, slightly shorter than in the X-ray structure (13.4 Å). The sampled conformations at the different distances have then been combined, yielding a free-energy profile as a function of the reaction coordinate. The obtained potentials of mean force for two independent replicas are reported in Figure 3 . Both curves show a minimum at 13 Å (the L2-L3 distance observed at equilibrium), and reach a plateau at ∼27 Å. Between these two points, the curves show two distinct regions: They first grow stiffer up to 17-18 Å, then softer. Conformations at the minimum of the energy profile will be labeled as "closed" and conformations at a distance >27 Å as "open." Insets in Figure 3 show averaged structures of the aptamer-complex at a L2-L3 distance of 13 Å (closed conformation), 22 Å, and 34 Å (open conformation). The free-energy difference between the closed and open conformation of the kissing loops along the selected coordinate is ∼14 kcal/mol ± 3 kcal/mol.
We have analyzed the effect of the increasing distance between the kissing loops on the intra-molecular interactions of the aptamer domain. First of all, we looked at the secondary structure elements in the whole domain. All of the secondary structure elements (Fig. 1A) in P1, P2, and P3 stems have been conserved during the separation of the kissing loops in both replicas. Then, we have monitored the tertiary structure elements. In particular, we analyzed the hydrogen bond network and the stacking interactions in the kissing loops region and in the junction region and the solvent-accessible surface of the aptamer residues as a function of the distance of the kissing loops. Below, we discuss in detail only those properties that change upon increasing L2-L3 distance.
In the closed conformation, the kissing loops are held together by two Watson-Crick base pairs (G37-C61 and G38-C60) and four noncanonical base pairs (A64•A35, A65•U34, A66•A33, and U31•U39). Eight of these bases form the two tetrads U34•A65•C61-G37 and A33•A66•C60-G38, which contribute to an intricate hydrogen bond network between the L2 and L3 loops. On average, 10 hydrogen bonds are observed between the two loops. As soon as the distance between L2 and L3 increases, the hydrogen bonds between the noncanonical base pairs quickly break, and the number of hydrogen bonds decreases to a plateau value of six at an L2-L3 distance of ∼18-24 Å (Fig. 4) . In this plateau region, the hydrogen bonds between the canonical G37-C61 and G38-C60 base pairs and, more rarely, between A35 and the backbone of U62 are retained (see inset in Fig. 3 ). These base pairs last up to a distance of ∼25 Å, and then they are simultaneously broken.
In addition to the hydrogen bonds, a network of stacking interactions exists between the two tetrad platforms and between these platforms and other base pairs anchoring L2 and L3 (examples are G37/G38, C60/C61, A35/C61, U63/A35, U34/A64, A33/U31•U39, and U62/A35•A64). Among all the loop bases, a total of 16 stacking interactions are observed to contribute to the stabilization of the tertiary interactions between the two loops. The total number of inter-loop and intra-loop base stacking interactions present in the closed structure decreases by 20% when the L2-L3 distance is increased from 13 Å to 17 Å (Fig. 4) . After a sharp drop in the initial steps of the kissing loop opening, a plateau of, on average, 13 base stacking interactions is reached. The lost stacking interactions are mainly the inter-loop base stacking interactions involving adenine and uridine bases, but some of these interactions are compensated by the formation of new intra-loop stacking interactions (examples are U31/U32 or U63/U64). Most of the original intra-loopbase stacking interactions (such as G37/G38 and C60/C61) are conserved throughout the opening process apart from brief periods of structural relaxation.
Another property that changes upon increasing the looploop distance is the solvent-accessible surface of the bases in the loops. The water-accessible surface in the closed conformation is ∼3300 Å 2 for the bases in loops L2 and L3 together. In the case of L2, this value smoothly increases up to 10% in the open conformation, while the value for L3 stays constant. The loss of the hydrogen bond network and stacking interactions, observed when the L2-L3 distance increases, provokes the flipping out of some residues whose hydrophobic base rings become exposed to the solvent.
In the open conformation, the residues constituting the binding pocket keep the tertiary interactions described above for the equilibrium conformation (Fig. 2) . A root-meansquare deviation (RMSD) of ∼1-2 Å between the open and closed conformation for the junction-residues (22-24, 46-53, and 73-74) was observed in all of the replicas. The triplets keep their alignment and sandwich the adenine in the same fashion as at equilibrium. The junction residues A73, G72, and A24 and their interaction are the most affected by the opening of the kissing loop, as shown in Figure 2B . In particular, the bases A24 (located in the J1-2 junction region) and A73 (located in the J2-3 junction region) become more accessible to the solvent with increasing distance between L2 and L3 (their solvent-accessible surface increases >30%). In the closed conformation, residue A24 is sandwiched between residues A73 and G72-C54, acting like a hook keeping helices P2 and P3 together. In the open conformation, the packing between residues A24 and A73 is lost, the corresponding bases become accessible to solvent, and as a consequence, the alignment between helix P1 and helix P3 is lost (see discussion below). However, the structure of the junction area is not affected.
To provide a global description of the opening of the kissing loops, we describe the aptamer structure by three angles between the P1 helix, the junction area, and the L2 and L3 loops, which were calculated according to the definition Loop-loop interaction in adenine aptamer www.rnajournal.org 919 reported in the Materials and Methods section (see Fig. 1 for a schematic representation). Table 1 During the opening of the loops, the L2-J-L3 angle increases by ∼40°, the P1-J-L3 angle decreases by ∼30°, while the P1-J-L2 angle is constant within the error margin. This indicates a change in orientation of the P3 helix with respect to the P2 and P1 helices, which conserve their coaxial position. Insets in Figure 3 report an example of the conformational changes upon kissing loop opening at three distances along the reaction coordinate. The parallel orientation, which both helices P2 and P3 have in relation to helix P1 in the relaxed state, is, to a large extent, conserved for P2 during the opening of the loops, while the P3 helix changes its position to an almost perpendicular orientation to P1 in the open conformation, loosing alignment with the P1 helix.
In summary, the first sharp increase observed in the freeenergy profile corresponds to the initial disruption of interloop base stacking interactions and the breakage of the hydrogen bond network between noncanonical base pairs. Breaking of the hydrogen bonds between G37-C61 and G38-C60 at 25-30 Å L2-L3 distance does not directly affect the free-energy profile and is not associated with a loss in stacking interactions; the bases G37/G38 and C60/C61 remain stacked once they lose their base-pair hydrogen bonds. This indicates that the role of residues G37-G38 for L2, and C60-C61 for L3, is to give direction to the loop-loop interaction, more than to stabilize it, while stacking interactions stabilized the interaction between the loops L2 and L3. The opening of the loops is also associated with a solvation cost that grows in a linear way. This can be correlated with the softer growth of the energy profile between the 20-25 Å L2-L3 distance. In this interval, no change in hydrogen bond and stacking interactions is observed.
Add A-riboswitch aptamer in the absence of the cognate ligand
The removal of the bound adenine ligand from the binding pocket does not result in any major secondary or tertiary structural rearrangements during the equilibration. Note that our aim is not to sample the complete conformational space of the ligand-free riboswitches but to assess what effect the ligand has on the loop-loop interactions. The sample structures in the absence of the ligand are some of the possible conformations accessible to the system. However, after the removal of the ligand, the rootmean-square fluctuation of the residues in the junction area increases by 20% (data not shown), in agreement with previous MD studies (Sharma et al. 2009; Villa et al. 2009; Priyakumar and MacKerell 2010) . The bases A21 and A19 (helix P1) and U74 (ligand recognition residue located in junction area J3-1) and U75 (helix P1) become more exposed to solvent than in the complex with adenine. The solvent-accessible area of these three bases changes from 20-40 Å 2 in the presence of the ligand to 50-80 Å 2 in absence of the adenine. The base pair A21-U75 (closing base pair of the P1 helix and involved in the triplet C50•A21-U75 below the binding pocket) is weakly formed, while the triplet above the binding site conserves the hydrogen bond network and planarity. Additionally, a slight collapse of the kissing loops is observed after removal of the bound ligand, as is evident from a slightly shorter average distance between the center of mass of the two hairpins constituted by residues 29-41 and 57-69 (13.2 ± 0.4 Å in the presence of the ligand and 12.4 ± 0.7 Å in the absence of the ligand), while the distance between the two loops is constant (13.0 Å) in both the presence and absence of adenine. This suggests that it is the P2 and P3 stems that come closer after removal of the ligand.
The free-energy profiles for the loops opening as a function of the distance between L2 and L3 loops show a minimum at 13 Å (Fig. 5) , as also observed in the ligand-aptamer complex. The potentials of mean force (PMFs) for both replicas grow stiffer up to 22-25 Å, where they reach a plateau, while a linear intermediate region was observed for the adenine-aptamer complex. The free-energy difference between the closed and open conformations of the loops along the selected coordinate is ∼10 kcal/mol higher than in the ligand-aptamer system. Insets in Figure 5 show averaged structures at a L2-L3 distance of 13 Å (closed conformation) and 22 Å and 34 Å (open conformations).
The number and type of hydrogen bond interactions between the two kissing loops in the closed conformation is not affected by the absence of the ligand (Fig. 6 ). In the closed conformation, the kissing loops are held together by two Watson-Crick base pairs (G37-C61 and G38-C60) and four noncanonical base pairs, as in the ligand-aptamer system. As soon as the distance between L2 and L3 loops increases, the hydrogen bonds between the noncanonical base pairs quickly break, followed by the hydrogen bonds between the -ray  131  125  19  With ligand  120  112  18  114  80  66  116  112  19  115  86  53  No ligand  141  136  17  140  125  62  153  140  17  156  121  58 For each system, values for both replicas are reported.
canonical G37-C61 and G38-C60 base pairs (see inset in Fig.  5 ). At a distance of 22-25 Å between the two loops, the whole hydrogen bond network between the kissing loops is lost. The number and type of stacking interactions in the loop region is also conserved in the absence of adenine in the closed conformation, as discussed previously. The total number of stacking interactions decreases with increasing distance between L2 and L3 from 16 Å (closed conformation) to 11-10 Å (open conformation), as shown in Figure 6 . In the absence of the ligand, the stacking interactions C61/C60 (loop L3) and C67/U68 (P3 closing bases) are lost in the open conformations, while in the presence of the ligand, those interactions are not affected by the increasing distance between the two loops. The loss of stacking interactions between C67/U68 is correlated with the breaking of base pair C67-G59 at the end of the P3 helix, indicating a destabilization of the P3/ L3 hairpin.
The junction region is also affected by the breaking of the kissing interaction between the loops (Fig. 2C) . In the open conformation, the alignment between residues C50•A21-U75 above the binding site is completely lost. This alignment is one of the platforms that sandwiched the ligand binding site in the ligand-RNA complex, and it was already more loosely bound in the closed conformation than in the ligand-aptamer system. The ligand specificity-determining residue U74 is observed to flip out toward solvent, losing the stacking interaction with A73 and U75, once in the open state. The loss of the C50•A21-U75 triplet gives more flexibility to the junction residues J2-3 and J3-1 and contributes to the loss of alignment between P3 and P1. Stacking between A24 and G72 is also lost.
To analyze the global conformational change that takes place during the opening of the kissing loops, the angles between the P1 helix and the L2 and L3 loops were calculated, as for the adenine-aptamer complex. Also, in the absence of the ligand, the L2-J-L3 angle increases linearly by >40°during the opening of the L2-L3 loops. The P1-J-L3 angle decreases by >11°, while the P1-J-L2 angle is constant within the error margin (Table 1) . This indicates that P1 and P2 keep their alignment, while P3 loses the alignment with P1 at the opening of the kissing loops, as in the case of the adenine-aptamer systems.
The global mechanism for the opening of the kissing loop is independent of the presence or absence of the adenine, but a high degree of destabilization of the helix P3 and junction region is observed in the absence of the ligand. In the absence of the ligand, the junction area is more unstructured. The lack of the C50•A21-U75 triplet, that forms a plateau perpendicular to the P2 and P3 helical axis and links together the P1 helix and the J2-3 junction region in the aptamer-ligand complex, promotes the loss of alignment between P1 and P3, the loss of base-base interactions in the J3-1 region (A73/U74 and U74/ U75 stacking interaction), and, indirectly, the untwisting of the P3 helix and breaking of base pairs in the P3-L3 region during the breaking of the kissing loops interactions. These interactions are always conserved when the ligand is present, and the loss of extra stacking interactions in the absence of the ligand can explain the difference of 10 kcal/mol between the energy profile in Figures 3 and 5 . An early MD study reports 1-4 kcal/mol (depending on nucleotide type) for each stacked base that is lost (Norberg and Nilsson 1995) . Moreover, the consequent solvation of the A73, U74, and U75 bases has to be counted in the energetic cost that the system has to pay.
The simulations in the absence of the ligand are used to identify which interactions are stabilized by the presence of the ligand upon breaking the loop-loop interactions. We cannot assume that they are representative for the ligandfree aptamer system. We have to remember that the sample conformations in the absence of the ligand are possible conformations but not necessarily the most populated one (low energy conformations).
DISCUSSION AND CONCLUSIONS
We have investigated the breaking of the tertiary interactions between the L2 and L3 loops of the aptamer domain of the add A-riboswitch in the presence and absence of the cognate ligand, adenine. We investigated the opening of the kissing loops using umbrella sampling with the distance between two loops, L2 and L3, as the reaction coordinate. We have run 100 nsec for each energy profile, each with two replicas. In all simulated systems, we observed a greater structural conservation of the P2-L2 hairpin compared to the P3-L3 hairpin during the breaking of the interactions between the kissing loops. The P3-L3 hairpin is observed to go from its initial coaxial orientation with the P1 helix and parallel to the P2 helix to an almost perpendicular position in relation to the P1 and P2 helices, while the P2 helix largely remains in a coaxial orientation with P1 during the increasing of the L2-L3 distance. In the absence of the ligand, we also observe a tendency of the P3 helix to untwist, while the P2 helix conserves its initial conformation in all the systems.
The interactions between L2 and L3 break in two steps, regardless of the presence of the cognate ligand. First, a loss of hydrogen bonds in noncanonical base pairs between the kissing loops, associated with a drop in stacking interactions in the kissing loops region, followed by a second loss of hydrogen bond interactions in canonical base pairs. During this process, interactions in the junction region are also affected. The stacking interactions between the junction residues A24 and G72/ A73 are lost, and A24 becomes exposed to the solvent, losing its function as a hook between helices P2 and P3. Interestingly, a structure-based fluorescence study on the A24AP aptamer variant showed a significant decrease in fluorescence upon the addition of Mg 2+ ion binding (formation of the kissing loops), followed by a second decay upon addition of adenine (ligand binding), indicating that A24 goes from a solvent-exposed conformation to an intercalate state between residues G72 and A73 state upon folding/binding (Rieder et al. 2007 ).
In the absence of the ligand, the junction area is more affected than in the adenine-aptamer system and becomes partially unstructured, in particular, in the proximity of helix P1, in line with an NMR study on the guanine aptamer in the absence of the ligand (Ottink et al. 2007 ). The partially unstructured binding pocket promotes the breaking of the secondary structure element in the P1 and P3 helices and the flipping out of residues in the J1-3 region during the opening of the kissing loops. These events are associated with an extra energetic cost, as indicated by the difference in the energy profiles.
In the presence of the ligand, other interactions in the junction area are conserved upon binding. This makes the energy profile comparable to the formation free energy of kissing loops between two independent RNA hairpins. Salim et al. (2012) proposed a stabilization energy of ∼10 kcal/mol for kissing interactions among two RNA 7-mer loop hairpins, based on titration calorimetry, UV melting, and single-molecule FRET data. We report a free-energy difference of ∼14 kcal/mol between the closed and open conformations. The quantities are comparable if we account for the fact that the loss of the interactions involving residue A24 upon loop opening can be associated with 2-6 kcal/mol (for 1-4 kcal/mol for the loss of each stacked base [Norberg and Nilsson 1995] plus base solvation costs).
The details of residue interactions in the breaking of the loop-loop interaction indicates the formation of the G37-C61 and G38-C60 base pairs as the initial tertiary contacts between L2 and L3. This is in perfect agreement with the results of NMR (Buck et al. 2010 ) and FRET (Lemay et al. 2006 ) studies. These studies showed that the loop-loop interaction was not formed once mutations were performed to prevent the formation of canonical base pairs between the loops in the xpt G-riboswitch and in the pbuE A-riboswitch, respectively. Our results indicate that the role of residues G37 and G38 for L2, and C60 and C61 for L3, is to give direction to the kissing loop interaction more than to stabilize it, while it is the stacking interactions that stabilize the interactions between the two loops. The stacking interactions that are broken upon loops opening are mainly inter-loop interactions that involve uridines and adenine residues. Interestingly, a recent nonequilibrium molecular dynamics simulation study on a model kissing loop from the Moloney murine leukemia virus shows that stacking interactions with unpaired, adjacent loop adenines stabilize the kissing loop complex by increasing the repair rate of partially broken hydrogen bonds (Chen and Garcia 2012) .
The interactions between the P2 and P3 hairpins in purine riboswitches are a crucial part of their function and are influenced by the presence of the ligand and the Mg 2+ ion concentration. The existing experimental and simulated work on the unfolding is not unanimous regarding the folding mechanism of the two hairpins. In their single-molecule force measurement experiment of the pbuE A-riboswitch, Greenleaf et al. (2008) saw that P3 unfolds before P2, indicating less stability of P3. In Langevin simulations of the aptamer domain of the add A-riboswitch (Lin and Thirumalai 2008) , however, P2 was found to unfold before P3. This agrees with recent results from single-molecule experiments performed by Neupane et al. (2011) on the add A-riboswitch. The authors attributed the difference to the different relative stability of the helices P2 and P3 in pbuE and add aptamer domains. However, the results cannot be compared directly with our study, since the P1 helix is completely unfolded once the kissing loops are open in the experiment, while we studied the unfolding of the kissing loops without pre-unfolding of the P1 helix. Interestingly, a real-time NMR experiment on add A-riboswitch folding (Lee et al. 2010) did not distinguish any particular order of the formation of the three helices P1, P2, and P3 within the time resolution of their experiment, but the authors observed that the adenine is bound to the central core of the aptamer before the stabilization of stem P2 and P3 and L2-L3 interactions occurred. Previously, Lemay also showed that the ligand promotes the formation of the kissing loop (Lemay et al. 2006) .
Our results clearly indicate a mobility of the folded helices relative to each other regardless of ligand presence, in line with the diverse conformational states for aptamers' stems and an increase in the P1-P3 helical distance upon folding observed by Brenner et al. for the xpt G-riboswitch (Brenner et al. 2010) . To correlate our simulation results with experimental results of Brenner et al. (2010) , we have calculated the distances between the dye locations from our structures, and a clear correlation is observed between the P1-P3 distance and opening of the kissing loops. In both systems, the P1-P3 distance decreases linearly at the opening of the kissing loops for a total of 7-8 Å. However, our analysis shows a high conformational flexibility for P3 with respect to P2 and P1, while Brenner et al. interpret their data as showing that P2 is highly flexible in relation to P1 and P3 before ligand binding. This difference could be due to a not unique interpretation of the experimental data or to our sampling being biased by the selected reaction coordinate, L2-L3 distance. The difference in sequence between the adenine and guanine riboswitches in the P1, P2, and P3 helices (even if it is very tiny) may also play a role (Lemay and Lafontaine 2007; Mulhbacher and Lafontaine 2007) . Interestingly, the add A-riboswitch has a wobble base pair in the middle of P2, while the xpt G-riboswitch has one in the middle of P3.
On the basis of our simulation results, we propose a model for the conformational changes that the add aptamer experiences upon binding. We assume the helices P2 and P3 to be preformed, while we assume helix P1 to be partially formed (but we can not exclude that it may be completely unfolded). Figure 7 shows a schema of our hypothesis divided into four steps. In Step 1, the interactions between residues A23•G46-C53 and A52-U22 in the junction area are formed and create a sort of platform to accommodate the ligand in the future, and the helices P2 and P3 come closer to each other. In all our systems, those interactions are present in the open conformation, while the base triplets below the binding site (C50•U75-A21 and U49•A76-U20) are not present in the open conformation in the absence of the ligand. In Step 2, the kissing loops interaction is formed, driven by the formation of base pairs G37-C61 and G38-C60. Residue A24 anchors together the P2 and P3 helices, forming stacking interactions with A73 and G72, and at the same time, the water-mediated A73•A52-U22 triplet is formed. In Step 3, the ligand approaches the binding site, forms stacking interaction with the platform formed by triplets A23•G46-C53 and watermediated A73•A52-U22 and is locked by residues U51 and C74. This promotes the alignment between P1 and P3 and the formation of the triplets C50•U75-A21 and U49•A76-U20 to close the binding pocket (Step 4).
Conclusions
We have performed all-atom MD simulations of the add Ariboswitch to provide an atomistic description of the breaking of the loop-loop interaction in the adenine riboswitch. When studying the opening of the P2 and P3 hairpins, P3 was found to be the more flexible hairpin, while P2 conserves its coaxial arrangement with P1, in partial agreement with a FRET study by Brenner et al. (2010) . Two base pairs, G37-C61 and G38-C60, are found to be essential for the formation of tertiary interaction between the loops, which, together with other observations of base pair behavior, is in excellent agreement with FRET and NMR studies. The junction area is partially organized before the kissing loop formation (A23•G46-C53 and A52-U22), and residue A24 has the function to anchor together the P2 and P3 helices.
MATERIALS AND METHODS
Simulated systems
The aptamer domain of the add A-riboswitch has been simulated in Mg 2+ ion water solution: (1) in complex with its cognate ligand, adenine; and (2) in the absence of the cognate ligand.
The CHARMM36 (Foloppe and MacKerell 2000; MacKerell and Banavali 2000) parameters, which include an update of the RNA 2 ′ -hydroxyl torsion angle parameters (Denning et al. 2011) were used to describe the riboswitch. As a starting structure, we used the X-ray structure of Serganov et al. (2004) (PDB ID 1Y26) . Hydrogen atoms were added using a standard CHARMM procedure (Brünger and Karplus 1988) . The riboswitch was set in a rhombic dodecahedron box with an 80-Å face-to-face dimension and was solvated with ∼10,500 TIP3P (Jorgensen et al. 1983 ) water molecules using a scheme where water molecules with the water oxygen within 2.8 Å of any solute heavy atom were removed. Crystal waters present in Loop-loop interaction in adenine aptamer www.rnajournal.org 923 the X-ray structure were kept at their respective positions at the start of the simulations. In the system without the bound adenine, the ligand was deleted, and the pocket was filled with water molecules during the solvation step.
The X-ray structure includes five Mg 2+ ions. The add A-riboswitch has a total charge of −70, and in order to obtain a zero net charge, cations had to be added to the solution. For the systems in magnesium-water solution, we added 30 additional Mg 2+ ions at random positions in the bulk water for a total of 35 ions (corresponding to an ion concentration of 0.18 M). The parameters of the CHARMM36 force field were used for the ions.
The resulting Mg 2+ concentration is high compared to physiological concentration. However, this did not severely affect the structure of the riboswitch on the time scales under consideration (Villa et al. 2009 ), but it can slow the RNA fluctuations (Hayes et al. 2012) . Note that NMR experiments showed no structural deformations of the purine riboswitch using Mg 2+ :RNA ratios as high as 20:1 . Under the choice simulation conditions, Mg-water exchange is on the order of milliseconds, and Mg indirect binding to RNA has an average time of 50 psec (Allnér et al. 2012 ).
Simulation protocols
All MD simulations were carried out using the program CHARMM36 (Brooks et al. 1983 (Brooks et al. , 2009 ) using periodic boundary conditions. The fast lookup routines for nonbonded interactions (Nilsson 2009 ) were applied when possible. The SHAKE algorithm (Ryckaert et al. 1977 ) was used to constrain all bonds involving hydrogen. Newton's equations of motion were integrated using the leapfrog algorithm with a 2-fsec time step. A 12-Å cutoff was used for particle-particle interactions, and the nonbonded list was constructed using a 16-Å cutoff and was heuristically updated every time an atom moved >2 Å since the last update. The long-range electrostatics were treated with the particle mesh Ewald method (PME) (Darden et al. 1993; Essmann et al. 1995) , using a grid of 1 Å and a κ value of 0.34. The simulations were run at constant pressure (1 atm) and temperature (298 K) using a Berendsen thermostat and barostat (Berendsen et al. 1984 ) with coupling times of 2 psec and 0.5 psec and a compressibility of 4.63 × 10 −5 atm −1 for the barostat. To avoid RNA structural distortions due to nonoptimal positions of the ions around the RNA, the system was prepared in several steps. First, energy minimizations (150 steepest descents and 150 adopted basis Newton-Raphson steps) and 200 psec of MD were performed with restraints on both RNA and ions. This procedure was then repeated two times, first, with restraints removed on ions and finally, with all restraints removed. An equilibration of 12 nsec unrestrained simulation was run for each of the systems.
Umbrella sampling
The potential of mean force profiles were calculated using umbrella sampling with the harmonic bias potential w i (x) = k(x − x i ) 2 along a reaction coordinate, x, defined as the distance between the center of mass of backbone atoms of residues 32-38 (L2) and 60-66 (L3) (Fig. 1) . The force was applied to the backbone atoms to avoid any unnecessary interference with the interacting bases.
We used a total of 44 simulation windows with the reference value for the bias potential, x i , ranging from 12.5 Å to 34 Å in 0.5 Å intervals. Initial conformations for each window were generated by running 0.25 nsec of MD at each point along the reaction coordinate, with k = 40 kcal/(mol · Å 2 ), using the last structure in each window as the starting structure in the next window.
In the production phase, each window was run for an additional 2.25 nsec with a force constant of k = 20 kcal/(mol · Å 2 ), saving coordinates every 1 psec. The PMF curves were constructed from the resulting distance distributions using the weighted histogram analysis method (Boczko and Brooks 1993 ) with a tolerance of 10 −5 after checking that the 44 sampling distributions overlap. The zero point of the curves has been set to the global minima at ∼13 Å. When the distance between the two mass centers is constrained, free rotation of the solute-solute connecting vector remains possible, and larger volume elements are sampled at larger distances.
Data analyses were performed on the last 1.5 nsec of each window. Error bars were obtained by dividing the trajectory of each window into three parts and calculating the standard deviation between them.
PMF profiles of L2-L3 opening were calculated for two systems: the aptamer domain in Mg 2+ ion solution with and without the ligand. Two independent replicas were used to generate PMF curves for each system.
Analyses
The hydrogen bond contacts were calculated using a 2.4-Å distance cutoff (De Loof et al. 1992 ) between hydrogen atoms and acceptor atoms. No angle criterion was used. A stacking interaction was defined as a distance of <5.6 Å between the center of mass of two bases. The cutoff value was obtained by studying the distance distribution between several types of stacked bases in the equilibrium simulation of the wild-type system. In the secondary structure analysis, we consider that two bases form a pair when at least one of the hydrogen bonds that characterize the base-pair interaction is present.
To analyze the global conformational changes that take place during the opening of the kissing loops of the aptamer domain, the average structure of each PMF simulation window along the reaction coordinate was calculated. We defined three angles: (1) P1-J-L2 by the center of mass of stem P1, of junction J (residues 22-24, 46-53 and 73-74) and L2 loop; (2) P1-J-L3 by the center of mass of stem P1, of the junction J and loop L3; and (3) L2-J-L3 by the center of mass of loop L2, of junction and loop L3. See Figure 1 for a schematic representation of the angle. The angles were calculated for each average structure of each distance window and used to describe the opening of the P2-P3 hairpins.
The solvent-accessible surface area (Lee and Richards 1971) was calculated for the bases of selected residues using a rolling probe with a radius of 1.4 Å on the average structure of the last 1 nsec of each window along the L2-L3 opening reaction coordinate.
